ABSTRACT
Introduction
Recent years have seen an increased characterization effort directed toward the assessments of genetic structure and genetic relatedness in plant germplasm [1] [2] [3] . These assessments can not only facilitate the conservation and management of many plant germplasm collections, but also enhance the utilization of existing germplasm diversity in plant breeding [4] . The assessed genetic relatedness is critical for selection of diverse parents from less explored plant germplasm and for design of experimental crosses to widen the breeding gene pool [5] . The inferred genetic structure is essential to capture functional genetic diversity by setting up core subsets of germplasm [6] and association mapping of genes controlling complex traits [7] . However, the marker-based assessments of genetic structure and relatedness can vary, depending on the nature of molecular markers used, as different markers may sample a plant genome in different ways [8] . The variation could be substantial for a genetically heterogeneous plant with highly outcrossing and variable ploidy. Thus, an adequate attention should be paid to the performance of different molecular markers in assessments of genetic structure and relatedness [2, 8] . Jerusalem artichoke (Helianthus tuberosus L.) has been cultivated mainly for tubers since the 17 th century [9] . Its inulin-containing tubers are consumed as vegetable and can be used as raw material to produce various value-added products such as healthy food products, animal additive feed [10] and bioethanol [11] . The crop has been largely abandoned after the Second World War [12] , but recently it has received a renewed interest in genetic improvement for multiple purposes [9] . Also, Jerusalem artichoke is a cold-hardy North American wild relative of the cultivated sunflower Assessing Genetic Structure and Relatedness of Jerusalem Artichoke (Helianthus tuberosus L.) Germplasm 754 with RAPD, ISSR and SRAP Markers (H. annuus L.) and will play an increasing role in the genetic improvement of economically important traits in sunflower such as oil characters and disease resistance [13, 14] . However, insufficient effort has been made to characterize and conserve Jerusalem artichoke genetic resources, in contrast to sunflower germplasm [15] . Currently, only several hundred Jerusalem artichoke accessions are maintained in plant germplasm collections worldwide [9, 16, 17] . These accessions represent germplasm only from a dozen or so countries and include wild and weedy accessions, landraces, or traditional and obsolete cultivars, and advanced or improved cultivars. Some efforts have been made to characterize existing Jerusalem artichoke germplasm [12, [18] [19] [20] . However, these characterizations were mainly focused on phenotypic and genotypic data and would be more informative with supplementary applications of informative molecular markers. Many molecular markers have been developed for plant genetic research over the recent decades [4, 21] . The random amplified polymorphism DNA (RAPD) [22] and inter simple sequence repeats (ISSR) [23] were among the earliest developed molecular tools used to assess plant genetic diversity due to technical simplicity and practical feasibility. For example, the RAPD and ISSR markers require no prior sequence information for the survey of plant genomes, but generally suffer from low resolution due to various issues associated with reproducibility, dominance and non-homologous DNA fragment [8] , of which issues are similar to other dominant markers [24] . The sequence-related amplified polymorphism (SRAP) [25] represents another simple and reliable PCR-based marker tool for genetic diversity analysis [26, 27] . However, these molecular markers have rarely been applied to assess genetic variation of Jerusalem artichoke [28] [29] [30] . A study was conducted to assess the genetic structure and genetic relatedness of 47 diverse Jerusalem artichoke accessions using RAPD, ISSR and SRAP markers and to compare the congruency of the structural and relatedness assessments. It was our hope that this study can provide a useful set of diversity information not only for genetic improvement of Jerusalem artichoke, but also for understanding to what extent the different classes of molecular markers provide concordant information about the structure of populations and the relationships among individuals.
Materials and Methods

Plant Material
Forty-seven Jerusalem artichoke accessions were used for this study ( Table 1) . The studied germplasm was obtained from Plant Gene Resources of Canada (PGRC), Saskatoon, Canada and originated from Canada, USA, France, and the former Union of Soviet Socialist Republics (USSR). It also included six accessions collected directly from the wild populations in Texas, USA.
DNA Extraction
Young leaf tissue was collected from at least three individual plants of one accession and bulked for DNA extraction following the Tai and Tanksley's modified method [31] , which was shown to be the most effective DNA extraction method for Jerusalem artichoke [32] . The bulked tissue (300 mg) was ground with a homogenizer and 0.7 ml of extraction buffer (100 mM Tris-HCl; pH 8, 50 mM EDTA pH 8, 0.5 M NaCl, 1.25% SDS, 8.3 mM NaOH, 0.38% Na bisulfite) was added and mixed by vortexing. The sample was incubated at 65˚C for 20 min and 0.22 ml of 5 M potassium acetate added and mixed well. The tube was placed on ice for 40 min, followed by centrifugation for 3 min. The supernatant was transferred to the new tube. The DNA was precipitated by adding 0.7 volume of isopopanol, mixed well and centrifuged for 3 min. The supernatant was poured off and the pellet rinsed with 70% ethanol. The pellet was re-suspended in 300 µl of T5E (50 mM Tris-HCl pH 8, 10 mM EDTA) by briefly vortexing, and incubated at 65˚C for 5 min, followed by vortexing again. 150 µl of 7.4 M ammonium acetate were added and mixed well before centrifugation for 3 min and removal of the supernatant to the new tube. The DNA was precipitated by mixing with 330 µl of isopropanol and centrifuged for 3 min. The pellet was rinsed with 70% ethanol and re-suspended in 100 µl of T5E, incubated at 65˚C for 5 min, and then vortexing. The DNA was re-suspended in 150 µL of TE (10 mM TrisHCl, pH 8.0, 1 mM EDTA). The purity and quality of genomic DNA were assessed after digested with RNaseA (Sigma), and quantified on 1% agarose gel against know concentration of 100 bp DNA ladder plus (Vivantis). The extracted genomic DNAs were stored at -20˚C until further use. Acc = accession and label following those described in [9] . USSR = the former Union of Soviet Socialist Republics. Six accessions from Texas, USA, were collected from wild populations. StC = the most likely cluster inferred with STRUCTURE based on the combined marker data; the accession with two clusters means that the ancestry levels for both clusters were less than 0.5, but the first cluster had the larger ancestry than the other cluster.
detect distinct, clearly resolved, and reproducible amplified products in the initial screening, 13 most informative primers ( Table 2) were selected for further analysis. The RAPD amplification products were analyzed by electrophoresis on 1.2% agarose gels, run in 1× TBE, visualized under UV transilluminator, and photographed.
The PCR reactions were done three times independently. Only repeatable amplified DNA fragments were manually scored as 1 or 0 for presence or absence, respectively, for each sample.
ISSR Analysis
A total of 25 primers were initially screened using two sets of bulked DNAs described above to determine the suitability of each primer for the study. Based on their ability to detect distinct, clearly resolved, and reproducible amplified products from the initial screening, six most informative primers ( Table 2) The ISSR amplification products were analyzed by electrophoresis on 1.2% agarose gels, run in 1xTBE, visualized under UV transilluminator, and photographed. The PCR reactions were done three times independently. Only repeatable amplified DNA fragments were manually scored as 1 or 0 for presence or absence, respectively, for each sample.
SRAP Analysis
The SRAP primers were selected based on previous reports [25] . Nine SRAP primer combinations (ME2-EM5, ME2-EM6, ME2-EM8, ME5-EM5, ME5-EM6, ME5-EM8, ME7-EM5, ME7-EM6 and ME7-EM8) were initially screened using two sets of bulked DNAs described above and confirmed on their suitability for further analysis ( Table 2) .
A total of 10 l PCR reaction mixture was composed of 1x Taq The SRAP products were analyzed by a 1.5% agarose gel electrophoresis, ethidium bromide stained and visualized by Electrophoresis Gel Photodocumentation System (Vilber Lourmat, Japan). In addition, the PCR products also were analyzed by electrophoresis on 10% (w/v) polyacrylamide gel and revealed DNA bands by a gel silver staining. 100 bp DNA ladder plus (Vivantis) was used as a molecular size standard. The PCR reactions were done three times independently. Only repeatable amplified DNA fragments were manually scored as 1 or 0 for presence or absence, respectively, for each sample.
Data Analysis
The RAPD, ISSR and SRAP data were separately analyzed for the levels of polymorphism with respect to primer by counting the number of polymorphic bands and generating summary statistics of band frequencies. Shannon's entropy was calculated following the approach of Russell et al. [33] to estimate the diversity content per locus, as this estimate does not require strict genetic assumptions such as marker inheritance and sample ploidy. The entropy-based diversity content provides a measure of the effective number of alleles per marker locus [34] . These analyses were performed by using a SAS program written in SAS IML [35] .
The model-based Bayesian method available in the program STRUCTURE version 2.2.3 [36] [37] [38] was used to detect population structure and to assign accessions to subpopulations. The STRUCTURE program was run 40 times for each subpopulation (K) value, ranging from 2 -10, using the admixture model with 10,000 replicates for burn-in and 10,000 replicates during analysis. The final population subgroups were determined based on 1) likelihood plot of these models, 2) the change in the second derivative (∆K) of the relationship between K and the log-likelihood [39] , and 3) stability of grouping patterns across 30 runs. For a given K with 30 runs, the run with the highest likelihood value was selected to assign the posterior membership coefficients to each accession. A graphical bar plot was then generated with the posterior membership coefficients. These structural data inferences were made separately for each marker type and the combined marker data.
The genetic relationships of the Jerusalem artichoke accessions were assessed using two approaches. Distance matrices based on band sharing for all pairs of the 47 individual accessions were constructed using GenAIEx 6 [40] . The relationship between the distance matrices was assessed using the Mantel's test [41] with 9999 random permutations and plotted. A neighbor-joining analysis of the 47 accessions was also made using PAUP* [42] and a radiation tree was displayed using MEGA 3.01 [43] to confirm the genetic relationships of individual accessions and to identify any genetic clustering without restriction to known characteristics. These relationship assessments were performed separately for each marker type and the combined marker data.
Results and Discussion
Marker Polymorphism
The characterization effort revealed variable, but compatible, polymorphism in the 47 Jerusalem artichoke accessions for three marker types, as summarized in Table 2 and of the Shannon's entropy per primer (or primer pair), the most informative marker type was RAPD with the Shannon entropy of 5.68, followed by SRAP with the Shannon's entropy of 5.02 and ISSR with the Shannon's entropy of 3.97. The low information value for ISSR markers may reflect the use of a smaller number of ISSR primers. The range of the band frequencies observed in the 47 accessions was roughly the same from 0.021 to 0.979 for three marker types, but their average band frequencies differed with 0.46, 0.40 and 0.60 for RAPD, ISSR and SRAP markers, respectively. Interestingly, an average of five RAPD bands was observed for each 0.05 interval of band frequency ranging from 0 to 1 (Figure 1) . Slightly more ISSR bands with a frequency of 0.5 or smaller were observed, while slightly more SRAP bands with a frequency greater than 0.5 were found (Figure 1) .
As expected for Jerusalem artichoke, an outcrossing, hexaploidy (2n = 6x = 102) plant [44] , a high level of genetic polymorphism was observed for these marker types [45] . Such a level of polymorphism was consistent with some reports based on various molecular markers [28] [29] [30] , and compatible with those results reported in the cultivated sunflower [46, 47] . Interestingly, the overall polymorphism was compatible over the three marker types, but the SRAP marker appeared to display a slightly higher polymorphism and detect more DNA fragments with frequencies larger than 0.5.
Genetic Structure
The model-based inference of genetic structure within the 47 Jerusalem artichoke accessions by STRUCTURE considered K = 2 to 10 clusters and revealed five to six optimal clusters with the highest log-likelihoods for these three marker types and their combined data (Figure 2) . First, the RAPD or ISSR markers revealed five most likely clusters with more than 80% memberships shared in corresponding clusters (Figure 2(a) ). Similarly the SRAP markers or the combined marker data displayed six most likely clusters with more than 85% memberships shared in corresponding clusters (Figure 2(a) ). Note that the colors or labels used for inferred clusters may differ for different markers, but a corresponding cluster inferred from two marker types was defined based on the share of the membership majority. For example, the blue and green SRAP clusters are corresponding to the red and yellow clusters in the combined data, respectively (Figure 2(a) ).
The inferences of the optimal number of clusters for three marker types gained further support from the patterns of log-likelihood of the data (Figure 2(b) ) and from the change in the second derivative (∆K) of the relationship between K and the log-likelihood (Figure 2(c) ). The largest average log-likelihood of -6556.3 was observed for the RAPD markers when K = 5; -2024.8 for ISSR when K = 5; and -3946.0 for SRAP when K = 6 ( Figure  2(b) ). When the three marker data were combined, the highest average log-likelihood of -18,004.8 was obtained when K = 6. Similarly, the first dramatic change in the second derivative of the log-likelihoods over various Ks analyzed was occurred when K = 5 for the RAPD and ISSR markers, and when K = 6 for the SRAP markers (Figure 2(c)) .
Interestingly, the RAPD and ISSR data carried similar signals of genetic structure in this germplasm set, while the SRAP data were more compatible with the combined data in the structural inference. The reason for such a discrepancy remains unknown, but it was clear that the SRAP data carried more unique information on the genetic structure of this germplasm set. In spite of this, the overall patterns of genetic structure inferred from these three marker types were highly compatible, as one of the six optimal clusters obtained from SRAP or the combined data had only two members from the former Soviet Union (JA60 and JA61) and removing these two accessions generated compatible patterns of genetic structure for all marker types (results not shown).
Based on the combined data, the average distance between individual accessions in the same cluster for six clusters were 0.346, 0.254, 0.138, 0.158, 0.239 and 0.261, respectively, for clusters 1 to 6. The mean value of clusterspecific Fst was 0.113, 0.390, 0.670, 0.710, 0.439, and 0.323, respectively, for clusters 1 to 6. The overall proportions of membership of the sample in each of the six clusters were 0.248, 0.153, 0.132, 0.059, 0.128 and 0.279, respectively, for clusters 1 to 6. The detailed member- ships of the 47 accessions in each cluster were given in Table 1 , which was based on the highest level of inferred ancestry for one cluster from one STRUCTURE run with the highest log-likelihood of data (-11,792.9). Three accessions had the cluster membership with an ancestry level of 0.5 or less and 24 accessions displayed an ancestry level of 0.80 or higher (Figure 2(a) ). The optimal clusters detected here might reflect the current Jerusalem artichoke gene pool, as some clusters reflected either the wild populations sampled or the consequence of long term Jerusalem artichoke breeding, particularly in Canada. However, the sampling bias may with RAPD, ISSR and SRAP Markers exist, as this germplasm set is small and may not well represent the worldwide Jerusalem artichoke germplasm. Adding other representative samples to such structural analysis would help to verify and correct the sampling bias. Thus, some caution is needed in interpretation of these optimal clusters.
Genetic Distance
Distance matrices based on band sharing were constructed for all pairs of the 47 individual accessions for three marker types and the relationship between the distance matrices was plotted in Figure 3 . The pairwise distances based on the RAPD markers ranged from 0.091 to 0.432 and averaged 0.328; the pairwise distances based on the ISSR markers ranged from 0.065 to 0.5 and averaged 0.326; and the pairwise distances based on the SRAP markers ranged from 0.036 to 0.474 and averaged 0.339. Obviously, highly significant (P < 0.0001) linear relationships between the distance matrices were detected for three pairs of marker type. The relationship for the pair of the RAPD and ISSR markers explained 16.4% variation with a correlation coefficient of 0.40. The relationship for the pair of the RAPD and SRAP markers explained 28.4% variation with a correlation coefficient of 0.53. The relationship for the pair of the ISSR and SRAP markers explained 19.2% variation with a correlation coefficient of 0.44. However, the estimated correlation coefficients of distance matrices among these marker types are relatively low.
The revealed correlations of pairwise distance matrices, although relatively weak, were compatible among three marker types. The extent of distance matrix correlation reported here was consistent with those reported from similar studies of other plants [48, 49] . The low correlations reflect the relatively low resolution of sampling genetic variation of a genome with these marker types, in contrast to the most informative markers such as microsatellite or simple-nucleotide polymorphism available in well-studied plant species [1, 2] . However, the SRAP marker seemed to be slightly more informative than the other two marker types, as the correlations between SRAP and the other marker types were higher.
The neighbor-joining (NJ) analysis of the combined data revealed several interesting patterns of genetic relatedness (Figure 4) . First, up to six clusters could be identified, but they were not well separated, even based on the information from a total of 582 DNA fragments. In spite of the low resolution, the NJ clustering matched relatively well with those inferred from the STRUC-TURE program, as illustrated in Figure 4 .
Two discrepancies were identified: the accessions JA45 and JA47 for Cluster 6 and Cluster 2 and the accession of JA72 for Cluster 4 and Cluster 1. Second, the six wild accessions from Texas, USA, were clustered into three groups and may reflect the different levels of ancestry among them. Third, the 24 accessions from Canada largely represented cultivated materials and were clustered into three groups, two of which the wild accessions from USA were also present. This suggests at least three ancestral Table 1 ).
groups for these selected Canadian accessions. Fourth, the accessions from France and the former Soviet Union were closely related to the accessions from USA, and less to the accessions from Canada. This may reflect the independent ancestral selections for Jerusalem artichoke breeding from the USA wild collection.
Practical Implications
The molecular markers applied here knowingly have limitations with low resolution of sampling a plant genome due to various issues associated with reproducibility, dominance and non-homologous DNA fragment [4, 8] . Typically, RAPD has low reproducibility; ISSR may include nonhomologous fragments of similar size; and SRAP has a sampling bias toward the DNA fragments with an open reading frame. These technical issues are expected to introduce more deviations of sampling genetic variation among these marker types for Jerusalem artichoke with highly outcrossing and variable ploidy [27, 48, 49] . Surprisingly, however, only some deviations were observed in this study and the revealed deviations seemed to slightly favor SRAP markers in the marker choice for a diversity analysis. For example, the SRAP markers displayed a slightly higher percentage of polymorphism ( Table 2) , more compatible inference of genetic structure with the combined marker data (Figure 2(a) ), and the higher correlations of pairwise genetic distances with the other two markers (Figure 3) . Interestingly, the three different markers revealed similarly high levels of genetic polymorphism and compatible patterns of genetic structure and genetic relatedness in these Jerusalem artichoke accessions.
The compatible diversity patterns revealed by the three different markers are encouraging for a diversity analysis Assessing Genetic Structure and Relatedness of Jerusalem Artichoke (Helianthus tuberosus L.) Germplasm 762 with RAPD, ISSR and SRAP Markers of an under-explored plant species like Jerusalem artichoke with limited genomic resources available. The three types of molecular markers applied here are technically simple and practically feasible and could still play a role in the sampling of genetic variation in poorly known or less characterized plant species. The SRAP marker appeared to be slightly more informative than the other assayed markers and favored for further diversity analysis, but its limitation in sampling bias should also be considered in the marker choice. The revealed patterns of genetic structure are useful for managing worldwide Jerusalem artichoke germplasm by taking the structural patterns into account in the development of diverse core subsets for further germplasm characterization and utilization. The specific core subsets [6] can facilitate the association mapping of genes controlling ecologically important traits such as inulin, oil characters and disease resistance. The revealed patterns of genetic relatedness are informative for parental selections and experimental design of productive crosses in Jerusalem artichoke breeding. Three ancestral lines were detected for the Canadian germplasm and quite distinguished from the germplasm from other countries. As expected with its species distribution, more genetically diverse accessions remain in the USA germplasm collection and a further comprehensive characterization of the USA collection would yield more useful diversity information for utilizing Jerusalem artichoke germplasm.
Conclusive Remarks
The multi-marker characterization of the 47 Jerusalem artichoke accessions revealed compatible patterns of genetic polymorphism, genetic structure and genetic relatedness for three marker types. The SRAP marker appeared to be slightly more informative and thus favored for further diversity analysis. A high level of genetic polymorphism was detected and six optimal groups were identified in this germplasm set. Three ancestral groups were identified for the Canadian germplasm. Most diverse germplasm harbored in the USA collection. These results are useful for managing Jerusalem artichoke germplasm and utilizing diverse germplasm for genetic improvement.
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